An oocyte matures into an egg by extruding half of the chromosomes in a small polar body. This extremely asymmetric division enables the oocyte to retain sufficient storage material for the development of the embryo after fertilization. To divide asymmetrically, mammalian oocytes relocate the spindle from their center to the cortex. In all mammalian species analyzed so far, including human [1], mouse [2] , cow [3] , pig [4] , and hamster [5] , spindle relocation depends on filamentous actin (F-actin). However, even though spindle relocation is essential for fertility [6] , the involved F-actin structures and the mechanism by which they relocate the spindle are unknown. Here we show in live mouse oocytes that spindle relocation requires a continuously reorganizing cytoplasmic actin network nucleated by Formin-2 (Fmn2). We found that the spindle poles were enriched in activated myosin and pulled on this network. Inhibition of myosin activation by myosin light chain kinase (MLCK) stopped pulling and spindle relocation, indicating that myosin pulling creates the force that drives spindle movement. Based on these results, we propose the first mechanistic model for asymmetric spindle positioning in mammalian oocytes and validate five of its key predictions experimentally.
An oocyte matures into an egg by extruding half of the chromosomes in a small polar body. This extremely asymmetric division enables the oocyte to retain sufficient storage material for the development of the embryo after fertilization. To divide asymmetrically, mammalian oocytes relocate the spindle from their center to the cortex. In all mammalian species analyzed so far, including human [1] , mouse [2] , cow [3] , pig [4] , and hamster [5] , spindle relocation depends on filamentous actin (F-actin). However, even though spindle relocation is essential for fertility [6] , the involved F-actin structures and the mechanism by which they relocate the spindle are unknown. Here we show in live mouse oocytes that spindle relocation requires a continuously reorganizing cytoplasmic actin network nucleated by Formin-2 (Fmn2). We found that the spindle poles were enriched in activated myosin and pulled on this network. Inhibition of myosin activation by myosin light chain kinase (MLCK) stopped pulling and spindle relocation, indicating that myosin pulling creates the force that drives spindle movement. Based on these results, we propose the first mechanistic model for asymmetric spindle positioning in mammalian oocytes and validate five of its key predictions experimentally.
Results and Discussion
To identify the F-actin structures that could position the spindle, we fixed mouse oocytes with a method that preserves fine F-actin structures (see Experimental Procedures) [7] . By using high-resolution confocal microscopy, we found that a cytoplasmic actin network with an average filament length of 5.7 6 1.9 mm between branch points (n = 75) filled the oocyte throughout meiotic maturation ( Figure 1A ; Figure S1 and Movie S1 available online). Imaging of the network in live oocytes with the F-actin marker EGFP-UtrCH [8] revealed that it constantly remodeled its connections in a highly dynamic fashion within tens of seconds ( Figure 1B ; Movie S2). To test whether this dynamic actin network could be responsible for spindle relocation, we investigated whether it was nucleated by Formin-2 (Fmn2), because spindle relocation is known to be compromised in Fmn2 2/2 mice [6, 9] . Indeed, the cytoplasmic actin network was absent or severely reduced in these oocytes ( Figure 1C ) and spindle relocation failed (not shown), whereas other actin structures such as the oocyte cortex were intact. Fmn2-mCherry expression in Fmn2 2/2 oocytes rescued the cytoplasmic actin network ( Figure 1D ) and restored polar body extrusion ( Figure 1E ), demonstrating that Fmn2 is necessary and its reintroduction is sufficient to nucleate the cytoplasmic actin network in mouse oocytes. Moreover, consistent with a critical function for spindle movement, Fmn2-EGFP translocated from the cortex to the cytoplasm before the onset of spindle relocation ( Figure S2 ).
To test whether Fmn2, like other formins [10] , has to be activated by Rho GTPases to promote spindle relocation, we inhibited Rho with exoenzyme C3. Cytokinesis failed in 22/22 oocytes ( Figure S3C ), confirming that Rho was inhibited. We then monitored the kinetics of spindle relocation in oocytes injected with either exoenzyme C3 or BSA by 3D spindle tracking. In both cases, the spindle relocated with an average velocity of w0.12 mm/min over a period of 2-3 hr ( Figure S3B , for details see legend), demonstrating that Rho activity and activation of Fmn2 by Rho are not required for spindle relocation.
To understand how the dynamic actin network could mediate spindle relocation, we imaged its interactions with the spindle during the relocation process. Because the constant remodeling of the network made tracking of actin structures difficult, we initially followed spindle relocation in oocytes where actin filaments were stabilized and labeled by microinjection of low doses of fluorescent phalloidin. Throughout most of the cytoplasm, the actin network did not show overall directional movement during spindle relocation (Figure 2A ; Movie S3). Close to the spindle, however, the actin network was pulled toward both poles ( Figure S4A and Movie S3). This was also the case in oocytes expressing EGFP-UtrCH, which highlights actin filaments without stabilizing them [8] or affecting the dynamics of spindle relocation (see Experimental Procedures; Figure 2B ; Figure S4B and Movie S4). Poleward actin movements could be observed from the onset of relocation onward but became most prominent as the spindle approached the cortex ( Figure 2B ; Movie S5). At this stage, cortical actin nodes moved toward the spindle pole with a velocity very similar to that of late spindle relocation (0. 16 ). Furthermore, the cortex invaginated close to the approaching spindle pole, demonstrating that the pulling forces were efficiently transduced from the spindle poles to the cortex over short distances (Figure 2 ; Movies S3 and S5). The poleward movement of actin filaments led to an accumulation of F-actin at the spindle poles throughout relocation (Figure 2 ). In addition, at late stages of relocation, actin filaments were also present inside the microtubule spindle ( Figure S5A ). These could be seen to originate from cytoplasmic actin filaments that were pulled into the spindle and aligned with the spindle axis and moved toward the spindle poles ( Figure S5B ). These intraspindle actin filaments are unlikely to participate in spindle relocation because they form only when the spindle is about to reach the cortex.
The movement of actin filaments to the spindle poles suggested the presence of an actin motor. Indeed, we found an accumulation of activated myosin-2 (visualized by its phosphorylated light chain, pMLC2) in 31/35 oocytes either at both spindle poles (73%), or in a small fraction of oocytes at one spindle pole (27%), without apparent bias for the proximal or distal pole ( Figure 3A ; Movie S6). This staining was specific, *Correspondence: jan.ellenberg@embl.de as shown by the fact that it was abolished in 11/11 oocytes by inhibiting MLCK with ML-7 ( Figure 3A ) [11] .
To test whether myosin-2 was required for the movement of actin filaments to the spindle poles, we acutely inhibited its activator MLCK with ML-7 during spindle relocation. ML-7 efficiently blocked polar body extrusion (ML-7, 0/27 oocytes; DMSO, 53/55 oocytes; two independent experiments) indicating that myosin-2 was inhibited. Within minutes of ML-7 addition, actin filaments stopped moving toward the spindle poles (Figures 3B and 3C; Movie S7). In addition, the nondirectional dynamics of the actin network in the cytoplasm (shown in Movie S2) were reduced by ML-7 ( Figure S6 ; 16/16 oocytes). ML-7 treatment also severely slowed down spindle relocation (Figures 3D and 3E), indicating that both pulling of actin filaments to the spindle poles, as well as spindle relocation, are myosin-2 dependent. This is consistent with earlier reports of a partial block in spindle relocation with myosin-2a antibodies [12] .
The fact that the velocity of pulling actin filaments to the spindle pole and spindle relocation are very similar and that both processes are acutely sensitive to ML-7 inhibition suggests that spindle relocation is mediated by myosin-driven pulling on the cytoplasmic actin network.
Based on the experimental results described above, we formulated a mechanistic model for spindle relocation in mouse oocytes ( Figure 4A ). After NEBD, the spindle forms in a stochastically slightly off-center position, and the shortest distance between pole and cortex is 16.8 6 3.1 mm (n = 28). The Fmn2 nucleated cytoplasmic actin network bridges this gap with on average 3-5 branch points between spindle pole and cortex that are continuously remodeled. F-actin connections between spindle and cortex are therefore transient and indirect (red lines). To relocate to the cortex, the spindle poles pull on the actin network via activated myosin. As long as continuous connections persist, the pulling force is transduced to the cortex (red arrows). Because the pole that is initially closer to the cortex will statistically have more continuous connections to oocytes (red bars; n = 33) were scored for the presence of a polar body 12 hr after induction of maturation. Polar bodies were slightly larger after rescue, as also described for the rescue with Fmn2-EGFP previously [6] . Scale bars represent 10 mm.
the cortex, it can transduce its force more efficiently and the spindle relocates in this direction. This enhances the asymmetry, making pulling on this side even more efficient, and thereby sets the direction of spindle relocation.
Our model makes five key predictions that we tested in additional experiments. First, our model predicts that the spindle should always relocate along its axis because the pulling force is localized at the spindle poles. This was the case in 26/26 oocytes ( Figure 4B) . Second, our model predicts that the spindle should relocate to the closest cortical position because force transduction between cortex and the closer pole will be more efficient in a dynamic network. This was the case in 23/26 oocytes ( Figure 4C ), and both results are consistent with previous observations [13] . Third, our model predicts that the spindle should change its direction of relocation if it is artificially shifted to a new position ( Figure 4D ). To test this, we first waited until the spindle had started to move to the closest cortical position. By using a glass microneedle, we then shifted the spindle to a new position within the oocyte, so that the previously lagging pole became the one that was closer to the cortex ( Figure 4G ). In strong support of our model, the spindle reversed the direction of relocation in 6/6 oocytes, and the previously lagging pole became the leading pole. Fourth, our model predicts that a centrally assembled spindle starts to relocate later than a more eccentric one because symmetry breaking is likely to take longer in the former situation. As predicted by our model, we found that the spindle started to relocate significantly later when it was assembled close to the oocyte's center ( Figure 4E ). When the ratio between the spindle pole distance to the proximal and the distal cortex was >0.8, the spindle started to relocate 92 6 52 min after bipolar spindle formation (n = 14). By contrast, the spindle started to move after only 22 6 14 min (n = 10; p < 0.001) when it was located at a more eccentric position with a ratio < 0.6. Fifth, our model predicts that the spindle should accelerate during relocation because the number of continuous actin connections will increase with decreasing distance to the cortex. To test this, we recorded 4D data sets of spindle relocation ( Figure S7A ), tracked the spindle, and plotted the average distance of the spindle to its final position at the cortex over time ( Figure S7B ). In agreement with our model, the velocity of the spindle increased during relocation until it slowed down because of arrival at the cortex ( Figure 4F ). This model of asymmetric spindle positioning is different from those reported for other model systems that involve astral microtubules, a polarized cortex [14] [15] [16] , or cytoplasmic flow [17] . We therefore wanted to test whether such mechanisms contribute to spindle relocation in mouse oocytes in addition to the cytoplasmic actin network. First, to test whether astral-like microtubules, which are weak but present in mouse oocytes [18] , are required for relocation, we selectively depolymerized them with low doses of nocodazole. In the absence of astral-like microtubules, neither the efficiency nor the velocity of spindle relocation was significantly affected (Figure S8) , showing that they are dispensable for spindle relocation in mouse oocytes. Second, we wanted to test whether the small GTPase Ran that is important for cortical polarity in mouse oocytes [19] is required for relocation. Relocation was not affected when we blocked RanGTP production by injecting excess amounts of the dominant-negative variant RanT24N ( Figure S9 ) [18] . This is consistent with earlier reports that Ran is dispensable for polar body extrusion [20] . Third, we investigated whether cytoplasmic flow could passively transport the spindle to the cortex as has been reported in ascidian oocytes [17] . To map cytoplasmic movements during spindle relocation, we injected oocytes with inert fluorescent beads and tracked their movements in 3D ( Figure S10 , Movie S8). Only beads in immediate proximity to the spindle followed its movement (red arrows), whereas the majority of beads in the cytoplasm remained largely stationary (green arrows). Similarly, oil droplets larger than the actin mesh size did not follow the spindle movement in 16/18 oocytes. It is therefore very unlikely that the spindle is moved passively by cytoplasmic flow.
This study provides evidence for a new mechanism of asymmetric spindle positioning in mammalian oocytes. According to our model, the microtubule spindle propels itself to the cortex of mouse oocytes by pulling on a cytoplasmic actin network that dynamically connects it to the cortex and is thereby able to reinforce an initial random asymmetry. Similar cytoplasmic F-actin networks have been reported in oocytes of several species, including Xenopus [21] and Drosophila [22] , and are therefore likely evolutionarily conserved. However, asymmetric spindle positioning does not depend on actin in Xenopus [23] ; and in Drosophila, the actin network disappears before meiotic maturation [22] , suggesting that such networks are used for distinct functions in different organisms. In starfish oocytes, for example, an actin network with similar dynamic properties is required to prevent chromosome loss after NEBD [24] . In mouse oocytes, a net of nuclear actin cables also transiently connects the chromosomes at NEBD ( Figure S11 and Movie S9) but is dispensable for chromosome congression [18] . In human oocytes, whose maturation shares many aspects with mouse, spindle relocation also depends on F-actin [1] . Failures during spindle relocation result in polyploid embryos and pregnancy loss [6] , and it will therefore be important to test whether spindle relocation involves a similar mechanism in humans as in mouse.
Experimental Procedures Preparation and Culture of Oocytes
Mice were maintained according to the guidelines of EMBL Laboratory Animal Resources. Oocytes were isolated from ovaries of 8-week-old FVB, Fmn2 2/2 , or Fmn2 +/2 mice [6] , cultured, and microinjected as described in detail before [18] . In some experiments, oocytes were treated with ML-7 or nocodazole (Sigma), 10 ng/ml Hoechst 33342 (Molecular Probes) to label chromosomes, or microinjected with exoenzyme C3 (Calbiochem), RanT24N [25] , BSA (Sigma), Dragon Green labeled beads (0.56 mm diameter, Bangs Laboratories), or TMR-phalloidin (Molecular Probes) that was dissolved in 1 ml water after drying 50 ml of the methanol stock resulting in a final concentration of w1 unit/ml after microinjection.
For the spindle shift experiments, oocytes were injected with mRNA encoding EGFP-MAP4 to label microtubules. By using a holding capillary (Eppendorf), the oocytes were locked in position on the confocal microscope. After the spindle had started to relocate to the closest cortical position, it was shifted into the opposite half of the oocyte with a fine microneedle. Subsequently, the direction of spindle relocation was followed by confocal microscopy as described below.
We also attempted to inhibit myosin-2 by culturing oocytes in medium that was supplemented with 100 mM blebbistatin but not covered with oil to prevent extraction of the drug. However, the rate of polar body extrusion in Blebbistatin-treated oocytes was 70% (n = 53 oocytes, two independent experiments), and thus not significantly different from the rate of polar body extrusion in DMSO-treated controls (80%; n = 44 oocytes, two independent experiments). This suggests that blebbistatin does not efficiently inhibit myosin-2 in mouse oocytes so that it cannot be used to investigate the function of myosin-2 for spindle relocation in this system. Moreover, blebbistatin is not well suitable for experiments that involve live-cell microscopy because it is photoinactivated and causes phototoxicity when imaged with blue and UV laser light, which readily causes artifacts [26] . Indeed, we found that polar body extrusion was inhibited and the actin network was slowed down when blebbistatin-treated oocytes were imaged. However, the inactive enantiomer of blebbistatin also caused these defects, strongly suggesting that they are unspecific but rather a result of the phototoxicity of this compound.
Expression Constructs and mRNA Synthesis
For in vitro mRNA synthesis, pCS2-EGFP-UtrCH, which encodes the calponin homology domain of utrophin fused to EGFP [8] , pCS2-Fmn2-EGFP [6] , and pCS2-Fmn2-mCherry, which was obtained from pCS2-Fmn2-EGFP by exchanging the EGFP with the mCherry [27] coding sequence, were linearized with NsiI, KpnI, or BssHII, respectively. Capped mRNAs were synthesized with SP6 polymerase (mMessage mMachine kit, Ambion), polyadenylated (Poly(A) Tailing Kit, Ambion), and dissolved in 6 ml water. We controlled expression levels by quantitative microinjection of w7 pl of w2 mg/ml mRNA. At this expression level, EGFP-UtrCH did not affect the kinetics of spindle relocation (0.11 6 0.05 mm/min, n = 10; controls, 0.11 6 0.04 mm/min, n = 26). mRNAs encoding H2B-mRFP1 and EGFP-MAP4 were synthesized as previously described [18] .
Confocal Microscopy
Images were acquired with a customized Zeiss LSM510 confocal microscope, with a 403 C-Apochromat 1.2 NA water immersion objective lens for live oocytes and a 633 C-Apochromat 1.2 NA water immersion objective for fixed oocytes as previously described [18] . In some images, shot noise was reduced with a Gaussian or anisotropic diffusion filter.
Immunofluorescence
Oocytes were fixed for 30-60 min at 37 C in 100 mM HEPES (pH 7) (titrated with KOH), 50 mM EGTA (pH 7) (titrated with KOH), 10 mM MgSO 4 , 2% Formaldehyde (MeOH free), 0.2% Triton X-100, based on previously published methods [7, 18] . Oocytes were left in PBS, 0.1% Triton X-100 overnight at 4 C. Antibody staining was performed in PBS, 0.1% Triton X-100, 3% BSA. DNA was stained with 5 mg/ml Hoechst 33342 (Molecular Probes). F-actin was stained with Alexa-488 or TMR-labeled phalloidin (Molecular Probes; 1:20) after drying from methanol stock. As primary antibodies, we used rabbit anti-Phospho-MLC2 (Ser19) (Cell Signaling; 1:100) and rat anti-a-tubulin (MCA78S, Serotec; 1:100). As secondary antibodies, we used Alexa-680-labeled anti-rat and anti-rabbit (Molecular Probes; 1:200), and Alexa-488-labeled anti-rabbit (Molecular Probes; 1:500).
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures, 11 figures, and 9 movies and can be found with this article online at http://www. current-biology.com/supplemental/S0960-9822(08)01502-9. After the spindle had started to relocate to the closest cortical position, it was shifted into the opposite half of the oocyte by a microneedle. The position of the spindle after the shift is marked by the white continuous oval. The distances to the cortex before and after shifting the spindle are specified. The arrows indicate the direction of relocation before and after spindle shift. Time hr:min. Scale bars represent 10 mm.
